This review paper is aimed at presenting and discussing the effects of rumen digesta (RD) as an alternative protein source on nutrient utilization, rumen fermentation characteristics, growth performances, and milk production in ruminants. RD is a byproduct of abattoir; it is a partially digested feed that mainly originates from rumen of ruminants. RD consisted of 13.5-46.1% crude protein and some essential nutrients (microbial cells, amino acids, minerals, and volatile fatty acids [VFAs]), which beneficially affect the ruminant production. Recent studies have shown that transfer of RD from buffalo to cattle improved nutrient digestibility. Ensiling RD with agro-industrial by-products improved the nutritional value of agro-industrial by-products, such as by improving protein contents and increasing their digestibility. In addition, dried RD could enhance ruminal fermentation, diet utilization, and rumen microorganisms in in vitro, beef cattle and buffalo, which has no adverse effect on production performance. Therefore, utilization of RD is suggested because it improves nutrient utilization, reduces feed costs, and controls waste disposal to the environment.
Introduction
The growing livestock industry is producing an enormous volume of waste, which increasingly burdens urban and rural areas with improper disposal that poses problems to both humans and the environment (Cherdthong and Wanapat 2013; Uddin et al. 2018) . The attitude of humans toward overcoming these problems is usually quite negative, either because nothing is done to remedy the damages or because it is motivated only by sheer necessity that is undertaken with reluctance (Uddin et al. 2018) . However, researchers have recently made some farmers realize that livestock waste can be converted into animal feed. This necessitates the recycling of various wastes into livestock feed ingredients to arrest the competition between man and animal for food. Feeding livestock with abattoir waste (e.g., rumen digesta (RD)) results in reduced feed cost and lower prices of animal production (Agbabiaka et al. 2012; Elfaki and Abdelatti 2016) . It contributes to self-sufficiency in protein and makes possible the integration of animal products, which can in turn solve some problems arising from improper waste disposal (Esonu et al. 2010; Uddin et al. 2018) . Therefore, this review paper is aimed at presenting and discussing the effects of RD as an alternative protein source on nutrient utilization, ruminal fermentation characteristics, and blood metabolites in ruminants.
Rumen digesta
One of such is from abattoir, namely, RD, which includes fermented and non-fermented feed at various stages of digestion in the rumen. RD is not uniform but rather stratified into liquid, gas, and various particle sizes. RD causes water pollution by entering into the rivers, streams, and local water sources. The abattoir in Thailand annually produces RD of more than 41,000 tons of dry matter from 1.2 million ruminants (FAOSTAT 2018). Thus, conversion of RD waste into animal feed will enhance the flexibility of feed formulation and reduce environmental pollution. In addition, RD with animal basal feed can save the environment reducing fermentation mitigating the greenhouse gas (CH 4 ) production (Uddin et al. 2018) .
Dried RD (DRD) consists of 13.5 to 46.15% crude protein (CP), 6.3 to 34.9% crude fiber (CF), 40.5% neutral detergent fiber (NDF), and 8.9 to 31.8% nitrogen free extract (NFE) (Odunsi 2003; Okpanachi et al. 2010; Agbabiaka et al. 2012; Cherdthong and Wanapat 2013; Ojebiyi and Saliu 2014; Yitbarek et al. 2016) (Table 1) . However, chemical composition might be different among areas influenced by the (1) feeding regimen, (2) length of the holding time between feeding and slaughter, (3) season, (4) feed resource diversity, and (5) selection of pastures by various animals in various areas (Cherdthong et al. 2014 ). In addition, it contains potential end products that beneficially affect rumen microbial activity (e.g., microorganism cells, essential amino acids, minerals, and volatile fatty acids [VFAs]) and did not contain any anti-nutritional substances (Okpanachi et al. 2010) . Previous works have elucidated that substituting soybean with DRD in animal feed enhances nutrient digestibility and reduces the cost of diet in tilapia, (Agbabiaka et al. 2012) , broiler (Esonu et al. 2010) , and rabbit (Mohammed et al. 2013 ). Our reports have indicated that utilization of DRD could improve rumen fermentation, feed utilization, and rumen microorganisms in in vitro trail (Cherdthong and Wanapat 2013) , beef cattle (Cherdthong et al. 2014 (Cherdthong et al. , 2015 and buffalo (Seankamsorn et al. 2017 ). Thus, the results of the RD study in ruminant animals will be addressed below.
Utilization of RD for small animals
It has been demonstrated that RD contains no anti-nutritional factors (Agbabiaka et al. 2012 ). This has prompted some researchers to use the material to replace one protein source or another. Odunsi (2003) combined RD with blood meal to replace groundnut cake or fish meal in a layered diet and reported low values for the parameters monitored, namely, feed intake, weight gain, hen daily egg production, weight of eggs, and shell thickness for the laying birds. It was attributed to the unpalatable nature of the diet due to the influence of the blood meal, which agreed with the findings of Adeniji and Balogun (2002) in a study carried out on pullets. Mohammed et al. (2013) used RD as a replacement for soybean in a rabbit diet and demonstrated that there was a linear enhancement in feed intake and average daily gain of rabbits when the level of RD was increased. Feed intake was reported to increase up to 40% based on the level of inclusion of RD, confirming the earlier report of Whyte and Wadak (2002) . Rabbits fed diets containing RD compared well in terms of performance with those on conventional feeds (Esonu et al. 2006 ). Esonu et al. (2010) suggested that the enhanced animal efficiency could be attributed to the higher protein of the undigested starchy and fibrous carbohydrates, long-chain fatty acids, and partially digested diet protein material due to the influence of the microbial protein in the RD. In terms of carcass characteristic evaluation, Esonu et al. (2006) reported that the values of the dressed weight, gizzard, and heart were similar to those of the control group, and the values indicated that the RD was well utilized by the birds. The reasons advanced were that the enhanced performance could be due to sufficient dietary fiber level, which may have activated the intestine, as well as higher occurrence of peristaltic movement and more enzyme activity, resulting in efficient digestion and utilization of the feed.
Rumen digesta transfer study Winugroho et al. (1993) demonstrated the RD transfer technique from ruminants consumed in suitable feed to target ruminants in order to improve digestibility of nutrients by stimulation of ruminal bacteria. RD transfer could enhance utilization of dried Calliandra calothyrsus in sheep, which has been previously found to be of low nutrient value compared with the fresh form. Widiawati and Winugroho (1996) found that RD fill transfer could enhance the use of a diet supplemented with dried Calliandra calothyrsus, and native cattle were the significant animal donors for sheep. In addition, a comparative experiment between buffalo and cattle in potential transfer of buffalo RD into cattle was elucidated by Wanapat et al. (2003) . The RD (about 50% by weight of total digesta) from each rumen of fistulated buffalo was transferred to the rumen of fistulated cattle. These transfers were done as rapidly as possible to reduce extended exposure of digesta to the air. After the transfer was completed, all lids of fistulae were closed. Monitoring of RD for 14 days after transfer demonstrated enhanced microbial population in cattle as compared with that of original cattle. This indicates that buffalo RD could be transferred (Wanapat et al. 2003) .
Ensiled rumen digesta with roughages
Silage can be made from plant materials with suitable moisture content depending on the methods of storage, degree of compression, and water content of feed materials. Ensiling of RD with rice straw helps to improve the nutritional value, such as by improving protein contents and reducing pH, fiber contents, and lignin (Maigandi et al. 2002) . Furthermore, the ensilation of RD with agro-industrial by-products increases their digestibility. Thus, ensilation of rumen with crop residue can save the environment and at same time fulfill the nutritional requirements of the ruminants (Elfaki and Abdelatti 2016) . The acceptability and feeding value of RD could be improved by ensiling, a controlled ruminal fermentation used to enhance the feeding value of feedstuffs, as reported by Gerald and Thomas (2006) . Ensiling aids in masking the odor of feed materials, including RD, because odor is one of the factors affecting its efficient utilization (Maigandi et al. 2002) . Ensiling of RD was found to improve its nutrient value, although researchers further stated that if the process exceeds 4 weeks, the protein in the material may be converted to NH 3 and could hinder the supply of the needed protein to the animal for normal growth (Maigandi et al. 2002) . Muhammad et al. (2016) concluded that ensiling RD with cowpea hay improves feed intake and digestibility, as well as increasing average daily gain from 71.43 to 90.77 g/day when compared with the no-RD group.
Feeding rumen digesta in ruminants
Today, manipulation of the rumen using dietary resources is increasingly attractive. Feeding of RD to ruminant animals as a protein source involves not only manipulating rumen fermentation but also recycling waste generated from abattoir. In addition, replacing high-quality protein sources with RD could improve rumen fermentation and digestibility of nutrient in ruminants (Elfaki and Abdelatti 2016) . Thus, use of RD in animal diets will enhance the flexibility of feed and reduce pollution (Cherdthong et al. 2015) . Inclusion of RD could improve digestibility of nutrients in ruminants. Furthermore, digestibility of NDF enhanced (55.6 to 59.9%) with DRD supplementation in the ration was greatest when RD was added for beef cattle (Cherdthong et al. 2014) . Similarly, addition of RD to 8% of substrate increased in vitro true digestibility by 11.5% when compared with the no-RD group ( C h e r d t h on g an d Wan a pa t 2 0 13 ) . F u r t h e r m o r e , Seankamsorn et al. (2017) reported that buffalo fed 150 g of RD pellets exhibited the greatest CP and fiber digestibility. The high potential for the proliferation of ruminal microorganisms and improvement of intake and digestion of nutrients should be noted. Similarly, rabbits fed with 20-40% RD were better able to utilize fiber than those on a no-RD diet, which could possibly be due to the presence of microorganisms in the caecum that act on fiber digestion (Mohammed et al. 2013 ).
Effect of dried rumen digesta on the rumen fermentation
Effect of various levels of rumen digesta on concentrations of total volatile fatty acid (TVFA) and VFA profiles is shown in Table 2 . Ruminal fermentation of substrate by ruminal microbes results in production of microbial protein cells, NH 3 -N, and VFAs. Feeding of DRD did not adversely affect ruminal pH, temperature, and ruminal NH 3 -N (Cherdthong and Wanapat 2013). Ruminal total VFA concentration was not changed by DRD, and the mean values ranged from 110 to 130 mmol/L (Cherdthong et al. 2014) . It was indicated that the DRD could replace soybean meal up to 100% DM in a ruminant diet without negatively affecting rumen fermentation parameters. Furthermore, Seankamsorn et al. (2017) revealed that VFA concentration profiles were not affected by DRD pellet (DRDP)-level supplementation except propionate, which was greatest when DRDP was added at 150 g/day. The enhancement of propionate concentration could possibly be due to the improvement of feed intakes, nutrient digestibility, and ruminal bacterial activity. In agreement with our previous study, in vitro propionate concentration was greater when DRD was included compared with no-DRD supplementation (Cherdthong and Wanapat 2013) .
Effect of dried rumen digesta on rumen microorganisms
Effect of DRD on microbial population diversity is shown in Table 3 . The rumen is a dynamic system, in which resident microorganisms must adapt consistently to changes in feed component, quantity, and consumption frequency. Cherdthong et al. (2015) used a molecular technique (realtime PCR) to determine the population of fibrolytic microorganisms. The study indicated that population of R. flavefaciens was increased with high DRD levels in the ration. Population of R. flavefaciens was greatest when replacing soybean meal by DRD at 100% in the concentrate diet. It could possibly be that the considerable numbers of essential nutrients in DRD (e.g., microbial cells, vitamin) improved the ruminal bacteria population (Liu et al. 2002) . Okpanachi et al. (2010) revealed that the biological value of bacterial cells, minerals, and essential by-products in the DRD was found to be high, therefore resulting in efficient microbial cell production related to nutrient digestibility in animals. Seankamsorn et al. (2017) demonstrated that the fungal zoospores were enhanced when DRDP level increased and were significantly greatest when DRDP was added at 150 g/day. Moreover, supplementing of DRDP could provide a continuous ammonia-nitrogen and energy supply for fungal cell synthesis and enhance fungal activities in the rumen of ruminants. Therefore, increasing the fungal population could increase fiber digestibility and roughage intake. Similarly, Cherdthong and Wanapat (2013) elucidated that addition of 8 mg/5 g substrate of DRD could enhance in vitro microbial mass by 23.4 mg.
The effect of DRD supplementation on nitrogen (N) utilization is shown in Table 4 . Microbial protein synthesis affects the demand for protein in ruminant animals (NRC 2001). Cherdthong et al. (2014) elucidated that DRD replacing soybean meal (SBM) at 100% increased ruminal microbial CP (MCP) and the efficiency of microbial N synthesis, which is reflected in improved microbial concentration in the rumen fluid. From the study above, MCP and efficiency microbial N synthesis may depend on substances contained in DRD, such as bacterial cells, essential amino acids, and mineral content, rather than the CP quantity from soybean meal.
Nitrogen consumed by ruminants ultimately appears in either the urine or feces or is interchanged with the body's N reserves. Cherdthong et al. (2014) reviewed that N intake and N excretion from urine and feces were not altered with DRD replacing SBM at 100% in the ration. Thus, substituting SBM with DRD could be suggested for suitable feed sources without adversely affecting N utilization.
Effect of dried rumen digesta on growth performance and milk production Mondal et al. (2012) demonstrate that there is no adverse impact of RD on the digestibility of nutrients, growth, and feed efficiency and thus may be considered absolutely safe for animal consumption and can be included in the diet of goats without any deleterious influence on the nutrient utilization. In addition, feeding Awassi lambs diets containing RD up to 10% improved average daily gain (ADG), feed conversion ratio (FCR), and feed efficacy (DMI:ADG) which has been revealed by Al-Wazeer (2016) . These results agree with Osman et al. (2015) who found that final BW, total weight DRD pellets (150 g/day) Fungal zoospores were significantly greatest Swamp buffalo Seankamsorn et al. (2017) Fresh rumen digesta Cellulolytic, proteolytic, and amylolytic bacterial counts of cattle were increased at 7 and 14 days after digesta transfer
Beef cattle and swamp buffalo Wanapat et al. (2003) Trop Anim Health Prod (2020) 52:1-6 gain, and daily weight gain were highest in Shugor desert lambs fed 10% RD and least in animals fed no RD. Furthermore, Khan et al. (2014) reported that replacement of RD at 50% of conventional total mixed ration (TMR) could improve ADG at 0.71 kg which was not altered when compared with the no-RD fed group (0.73 kg of ADG). The improved daily weight gain with increased levels of RD in rations was mainly due to rumen contents' high nutritive value (Uddin et al. 2018 ). Abouheif et al. (1999) found no significant difference in the growth performance, hot carcass weight, and dressing percentage of animals fed with a dietary mixture of RD and barley mixture at ratio 4:1 compared with the control group.
Feeding goats with enzyme-treated RD as replacement for Berseem clover (BC) on milk production was elucidated by Khattab et al. (2011) . In this regard, partial replacement of BC by 50% treated RD increased milk yield and 4% FCM compared with untreated RC ration. The diets containing RD positively influenced fat content compared with the control. Also, milk fat, total solids, total protein, and lactose percent were increased with treated RD compared with the untreated group (Khattab et al. 2011 ).
Limitations of rumen digesta utilized as protein source
Ruminant diet production increasingly relies on the global acquisition of diet material, increasing the risk of bacterial and chemical contaminants being transferred into feedproducing ruminants (Wanapat 2004) . There are some concerns when RD is introduced as a protein source in animal feed. Firstly, the contamination of pathogens from the animal host may influence the quality of RD. Thus, sources of RD should be considered, and it should be confirmed that the animal host was not infected by pathogens. In addition, preparation process of RD before being fed to the animals, such as being heat-treated or sun-dried, and pellets could reduce the pathogen contamination in RD. Secondly, the quality of RD may not be stable, which depends on many factors, such as feeding regimen, the type of feed resources, and selectivity of pastures in various areas (Agbabiaka et al. 2012 ). Thirdly, the drying time of RD before being used in animal rations is important. Two to 3 days are required for sun-drying RD until it reaches 95% DM. Lastly, the high fiber content in RD might affect the digestibility in animals; thus, optimum levels of supplementation should be considered.
Conclusions
Feeding of RD in animal diets might enhance nutrient utilization without adverse effects to the ruminants. Thus, conversion of RD to a ruminant animal diet will enhance the flexibility of the diet recipe and reduce the amount of waste to the environment. However, there remain some concerns with pathogenic contamination when RD is introduced as a protein source in animal feeds; therefore, before incorporating RD in the ration, safety should be verified. There were no effect on N excretion via urine and feces (P > 0.05).
Beef cattle Cherdthong et al. (2014) N absorption and N retention were not changed (P > 0.05). DRD pellets (150 g/day) N in rumen fluid was similar (P > 0.05). Swamp buffalo Seankamsorn et al. (2017) Blood urea nitrogen was not observed (P > 0.05).
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